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ABSTRACT 

Sickle cell disease (SCD) is an inherited monogenic disease characterized by distorted red 

blood cells that causes vaso-occlusion and vasculopathy. These red cells can damage the 

vessel wall and activate P-selectine which can cause the vessel wall stick to other blood 

constitute and form cluster. These clusters in the blood stream can create the blockage and 

obstruct the flow of blood and oxygen in the tissues. Crizanlizumab is a humanized 

monoclonal antibody binds to P-selectine and blocks the interaction of endothelium and 

blood constituents. It’s infusion into the vein reduce the adhesion of blood vessel and cells 

and prevent from vaso-occlusion crises. In this present model bio-physical properties of 

distorted red blood cells studied in sickle cell disease. In steady-state, at very low Reynolds 

number (inertial effect neglected) lubrication theory has been implemented to study the effect 

of deformation parameter and compliance of the red blood cells in the blood flow due to 

adhesion. The governing equations have been solved for suitable boundary and matching 

conditions. The results have been shown graphically and agree semi quantitatively with 

experimental results. Sickle RBCs are highly viscous liquid filled membranes, In the 

microcirculation after releasing the oxygen to tissue Hb-SS turn into more rigid red blood 

cells, leads to decrease cell velocity as compared to the healthy red blood cell. Slip effect has 

been discussed in the reference of adhesion for blockage in the blood stream in more viscous 

region due to diseased state. Results also verify that plasma in the capillary on the average 

moves slower than the cells. It is concluded that rheological and bio-mechanical properties of 
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the sickle RBCs and sickle blood plays an essential role in better understanding of the 

pathophysiology of the disease. 

Keywords: Pathophysiology, Vaso-oclusive, Crizanlizumab, Sickle cell disease, Reynolds 

number 

INTRODUCTION 

Sickle cell anemia is one of a group of 

disorders known as sickle cell disease. 

Sickle cell anemia is an inherited red blood 

cell disorder in which there aren't enough 

healthy red blood cells to carry oxygen 

throughout your body. Normally, the 

flexible, round red blood cells move easily 

through blood vessels. In sickle cell 

anemia, the red blood cells are shaped like 

sickles or crescent moons. These rigid, 

sticky cells can get stuck in small blood 

vessels, which can slow or block blood 

flow and oxygen to parts of the body. 

Blood is a multiphase fluid, primarily made 

up of red blood cells (RBCs), white blood 

cells (WBCs) and platelets suspended in 

plasma. Oxygenated blood flows away 

from the heart to different organs through 

systemic circulation. Healthy RBCs are 

biconcave disc with a mean diameter of 6-

8𝜇 and a maximal thickness of 2 𝜇. They 

represent approximately 40 to 45% by 

volume of the average human blood and 

more than 99% of the blood cells. RBCs 

are highly deformable cells, which can 

easily squeeze through the capillaries 

(where internal diameter less than of their 

own) and transport oxygen and nutrients to 

the different part of the body through 

network of vessels (Figure 1). 

Crizanlizumab is a humanized IgG2 

monoclonal antibody used to reduce the 

frequency of vaso-occlusive crises in 

patients with sickle cell disease. Sickle cell 

disease is a genetically inherited condition 

prevalent in the Middle East, Africa, and 

certain parts of India. The genetic mutation 

associated with this disease leads to the 

formation of abnormal, sickle shaped red 

blood cells that aggregate and block blood 

vessels throughout the body, causing vaso-

occlusive crises. Sickle cell disease can 

lead to excruciating pain, stroke, infection, 

and various other complications arising 

from the blockage of blood vessels. In 

1962, first time Thomas [22] reported a 

large number of thin, elongated, sickle-

shaped cells in blood smear of an African. 

After that Wang and Skalak [23] have 

advocated that the existence of a molecular 

disease because of defective hemoglobin 

molecule (HbS) named as sickle cell 

disease (SCD). This is first identified 

molecular disease inherited genetically. 

The genetic basis of SCD is the substitution 

of valine for glutamic acid in the sixth 

position of each 𝛽 globin chain of the 

hemoglobin protein 𝛽଺: 𝐺𝑙𝑢 → 𝑉𝑎𝑙 [17-20]. 



Chaturvedi P* And Shah SR                                                                                                                   Research Article  
 

 
1149 

IJBPAS, March, 2023, 12(3) 

Within the microcirculation deoxygenated 

hemoglobin HbS molecules alter their 

configuration and polymerization occurs, 

which generates rigid fibers of HbS that 

injure the membrane and cytoskeleton of 

the RBC and consequent change in 

biomechanical and rheological properties 

[11-16]. Morbidity and mortality due to 

vaso-occlusion event in SCD under clinical 

manifestation encompass recurrent painful 

crises, bone marrow infraction, organ 

damage and stroke. Blood viscosity of 

sickle cell patient’s is remarkably high 

under oxygenated condition results in 

reduced RBC deformability [7, 21, 24, 25] 

and higher plasma viscosity results higher 

protein concentration by which RBC 

aggregation (rouleaux formation) [2-6] 

occur. Early viscometric studies reveals 

that sickle blood cells are more viscous and 

less deformable than healthy red blood cells 

[1, 8, 9, 10]. 

 

 
 

Figure 1: Normal Red Blood Cell vs. Sickled Red Blood Cell 

 
In this paper, we focused on the flow in the 

capillary for axisymmetric cell-deformation 

and investigated the flow profile in healthy 

and sickle blood. To describe the capillary 

flow, we have assumed the flow of plasma 

trapped between successive erythrocytes 

(treated plasma as a continuum media 

where the continuum mechanics laws are 

applied). Equations of motion are given by 

Navier-Stokes equations and continuity 

equation (due to incompressibility) for the 

fluid. The capillary has treated as a 

cylindrical duct, symmetrical about the axis 

and single file flow of the red blood cells 

have considered. Taking the height of 

lubricating film between pellet and tube 

wall by Higgins et al., [6] formed by the 

effect of cell and tube compliances as well 

as pressure difference in the capillary flow. 

In steady-state at very low Reynolds 

number lubrication theory has been 

implemented and neglected inertial effects. 

Since plasma in the capillary on the 

average moves slower than the cells hence 
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we have investigated the effect of motion 

of highly viscous liquid filled membrane in 

narrow tube and developed the model of 

capillary flow and occurrence of vaso 

occlusion. 

Mathematical Formulation of the 

problem 

A mathematical model has been introduced 

for two dimensional cartesian geometry of 

the cell in capillary (Figure 2). The cell is 

similar in size to the capillary diameter and 

deforms in compliance of the fluid stresses. 

The red cell is modelled as containing 

incompressible fluid inside, deform axis-

symmetrically, in single file flow rub 

alongside the endothelial wall and cell to 

cell interactions are neglected [9]. Frame of 

reference with the flow of plasma (exterior 

to red blood cell) 

 

 
Figure 2: Diagram for single file flow of red cell blood cell in the capillary 

 
Governing Equations 

The governing equations for the motion of 

the plasma are given by Navier-Stokes 

equations and the continuity equation [18].  

Navier-Stokes equation for motion at some 

point in the fluid may written as: 

'
1' 2' uP

Dt

Du






       (1) 

Where 'P  is Pressure,   is shear viscosity 

of the plasma, 'u is axial velocity of the 

plasma relative to the red blood cell,   is 

density of blood, is gradient operator. 

Equation of continuity: 

0
'
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Where (𝑥, 𝑦) are cartesian co-ordinate of 

any point in the capillary, 𝑥, 𝑦 axes are 

taken as along and across the capillary, 𝑢ᇱ 

and 𝑣ᇱ  are the velocities in these 
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directions. Since motion is under following 

assumption: 

Plasma must have swirling “bolus-flow” 

motion and lubrication theory is used to 

describe the squeezing flow of plasma in 

between the cell and the tissue wall [7]. 

Thickness of the fluid layer between the 

cell and the wall is sufficiently small so that 

by lubrication theory, Stoke’s equations can 

be reduced in to the Reynolds’s equation 

[10]. 

Hence equations of motion can be written 

as: 

0
'

'





y

P
                               (3) 

According to the [22] fluid film thickness 
ℎᇱ of the plasma between the cell and the 
tissue wall is represented as: 

02'
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'''         (5) 

Where 𝑃ᇱ is the local pressure in the fluid 

film region, 𝑃଴
ᇱ is reference pressure, 𝑎 is 

focal length of initially assumed shape of 

parabola which is related to curvature 𝑘of 

the pellet at it's point of maximum 

diameter.  𝑥 is measured axially 

downstream from the point where the 

cell(pellet) cross- section has its maximum 

radius, 𝛼 and 𝛽are radial compliances of 

tube and the cell which are not separately 

significant, but appears only in linear 

combination  𝛼 + 𝛽. So that (𝛼 +

𝛽)(𝑃ᇱ − 𝑃଴
ᇱ
)   represent the further 

deformation due to increased pressure in 

lubricating film between cell and the inner 

tube wall [21].  Here 𝑈଴ and 𝑉଴ are the 

reference velocities of cell and plasma, 

when cell is being forced along the tube 

because of pressure difference at velocity 

𝑈଴ used to non-dimensionalize the system 

of equation to find the solution of the above 

equation of motion [6]. It is convenient to 

take the dynamics of the lubricating film is 

nearly same as the cell velocity. 

The above assumption applied in two 

different cases. 

Governing equations and fluid film 

thickness are given above in equations 

(3)(4) and (5) 

 

 

 
 
 

Dimensionless fluid film thickness
 

                   
(6) 
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𝑢 =
௎బ

௏బ
           𝑎𝑡    𝑦 = ℎ

𝑢 = −𝑛
డ௨

డ௬
   𝑎𝑡    𝑦 = 0

𝑣 = 0            𝑎𝑡    𝑦 = ℎ ⎭
⎬

⎫

           (7) 

Here 

′𝑛′  is slip parameter 

Solution of the problem: 

Equation of motion have been solved by 

using above boundary conditions, we get 

the solution for axial velocity as given 

below: 

𝑢 = 𝑅௘
ௗ௉

ௗ௫
൤𝑦ଶ − ℎଶ

ቂ
௬ି௡

ℎି௡
ቃ൨ +

௎బ

௏బ
ቂ

௬ି௡

ℎି௡
ቃ          

(8) 

RESULTS AND DISCUSSION 

The model shown before contributing to the 

fact that height of the fluid film between 

the cell and capillary wall depends on the 

deformation of cell, local pressure and 

linear combination of radial compliance of 

cell and tube. Leak back action (net flux 

backwards per unit length) continues the 

capillary flow. The results obtained in the 

study consist of the expressions for the 

axial velocity component of the fluid flow 

in a capillary for the flow of plasma with 

the cell in eq. (8). 

 

Figures (3) and (5) show the variation of 

thickness of lubricating film between the 

cell and capillary wall with deformation 

parameter and compliance of the cell (in 

SCD, cell compliance participates more as 

compare to tube). Figure (3) shows that the 

height of lubricating film between the cell 

and capillary wall increases with axial 

distance in the direction of capillary length 

and rises with small increase of 

deformation parameter (less deformation 

shows less height of plasma in the 

capillary) which is similar as [21].  

Figure (4) shows that variation in axial 

velocity component of flow in a capillary 

with axial distance for different slip 

parameter. It shows that axial velocity 

component increases with axial distance 

and decreases with increases in slip 

parameter. Slip parameter affects the 

motion negatively it means that increase in 

slip parameter opposes the motion of fluid 

in capillary, i.e. shows resistance in the 

motion of fluid. It is clear that increase in 

flow resistance shows low velocity this 

result is similar to the findings of [1]. In the 

case of sickle RBC this result supported by 

[15] as they are more adherent to 

endothelial cell than healthy RBCs, which 

increases resistance in motion during 

microcirculation. 

Figure (5) represents that the variation of 

axial velocity component for different 

deformation parameter at slip parameter .09 

and .05. They are at increasing pressure 

drop. It is clear from the graph that 

increases in deformability (deformation 

parameter) shows increase in axial velocity 

component.  



Chaturvedi P* And Shah SR                                                                                                                   Research Article  
 

 
1153 

IJBPAS, March, 2023, 12(3) 

 

Figure 3: Variation of plasma film thickness (h) with axial distance for different values of deformation parameter (e) 

in capillary 

 
Figure 4: Variation of Axial velocity component (u) with axial distance (x) for different slip parameter (n) 

 

 
Figure 5: Variation of axial velocity component (u) for different slip parameter (n) with axial distance (x) at different 

deformation parameter (e) 
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It is also clear from the graph that variation 

in axial velocity component varies with 

varying slip parameter that is increase in 

slip parameter shows decrease in velocity 

and the similar pattern for deformability. 

The above result follow the same trend as 

[14, 13] as decreased erythrocytes 

deformability results in slower movement 

through the capillaries. 

CONCLUSION: 

Sickle blood is known to undergo 

rheological and mechanical changes if the 

oxygen level falls low enough. In SCD, due 

to abnormal polymerization of hemoglobin 

erythrocytes become comparatively hard 

and adhesive. These damaged red cells 

make blood vessels inflamed and irritated 

the vessel wall and activate P-selectine 

which can cause the vessel wall stick to 

other blood constitute and form cluster. 

These clusters in the blood stream can 

create the blockage and obstruct the flow of 

blood and oxygen in the tissues. 

Crizanlizumab is a humanized monoclonal 

antibody binds to P-selectine and blocks the 

interaction of endothelium and blood 

constituents. It works by making the red 

blood cells and vessel less adhesive.    

 The model predicts that the height of the 

lubricating film between the cell and 

capillary wall affects the flow of blood in 

the capillary in diseased condition. It is also 

clear from the results that change in the 

deformation parameter and red cell 

compliance proposed an effective variation 

in the plasma film thickness, which 

obstruct the continuous movement of RBCs 

during micro-circulation. However, sickle 

RBCs are comparatively less compliant and 

have weak deformation tendency after 

deoxygenation. Smaller width gap (width 

of lubricating film) between the cell and 

capillary wall shows less fluid leak back 

(net flux backwards per unit length) and 

opposes the flow of blood in capillary 

cause vaso-occlusion. Crizanlizumab is 

given as an infusion into a vein to reduce 

the frequency of vaso-oclusive crises and it 

works by making the red blood cells and 

vessel wall less adhessive. Hence 

Crizanlizumab reduces stickness of the red 

blood cells and other constituent with 

withvessel wall and promote the flow and 

prevent from vaso-occlusion and it works 

by making the red blood cells less 

adhessivness.  
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